With failure of solder joints (SJs) in photovoltaic (PV) modules constituting over 40% of the total module failures, investigation of SJ's reliability factors is critical. This study employs the Garofalo creep model in ANSYS Finite Element Modelling (FEM) to simulate solder joint damage. Accumulated creep strain energy density is used to quantify damage. PV modules consisting of interconnections formed from different material combinations (silver, copper, aluminum, zinc, tin and brass) are subjected to induced temperature cycles ranging from -40 °C to +85 °C. Results show that zinc-solder-silver joint having the highest CTE mismatch of 19.6 ppm exhibits the greatest damage while silver-solder-silver with no mismatch possesses the least damage.
Introduction
Photovoltaic (PV) modules are designed to operate under standard test conditions (STCs) [1] - [3] . These STCs are solar radiation of 1000 W/m², cell temperature of 25 °C, wind speed of 1 m/s and air mass (AM) of 1.5. The actual operating conditions differ from the STCs and vary from climate to climate [4] - [8] . Field failures of PV modules include delamination and discolouration of EVA, solder bond and ribbon degradation and cracking as well as burn marks. Kato Kazuhiko [9] amongst other researchers have reported solder interconnection damage as responsible for over 40% of PV Module failures [10] - [13] and hence the focus of this study.
PV modules are comprised of different materials with distinctive properties some of which are presented in Tables 1 & 2 . Figure 1 shows a typical crystalline PV module with two PV cells connected in series by solder interconnections. The failure of PV modules operating in elevated temperature climates is caused by the accelerated degradation of solder joint interconnections. During operation, the different materials which make up the solder interconnections expand and contract at different rates (i.e. relative expansion rates) which imply a mismatch in their coefficients of thermal expansions (CTEs). This CTE mismatch of the bonded materials in the solder joint is responsible for the thermo-mechanical induced deformation of the PV module.
This study seeks to investigate the effect of CTE mismatch of the bonded materials in the solder joint on the damage of PV modules operating in elevated temperature climates. This will provide useful information which can be used to increase the static-structural reliability of PV module interconnection with regards to the choice of materials bonded together in the assembly. 
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The designed models of the PV module were subjected to temperature load utilizing International Electrotechnical Commission (IEC) 61215 standard to simulate thermal stresses on the materials of the models [16] . The thermal load ranged from -40 °C to +85 °C for six thermal cycles. The derived temperature profile is presented in Figure 2 .
Finite element analysis
Finite element modelling (FEM) was employed to investigate the effect of CTE mismatch of bonded materials in solder joint on the damage of PV modules operating in elevated temperature climates. The modelling is presented in three subsections. Model and Methodology presented in sub section 3.1, Materials and their properties in 3.2 and Finite Element Modelling in 3.3.
Model and methodology
PV solder interconnections typically comprise of copper ribbons joined to silver contacts by Sn3.5Ag0.5Cu solder alloy. For the purpose of this study, the solder and silver contact materials and thickness were kept constant while the ribbon interconnect material was varied. Materials used for the ribbon interconnect are silver, copper, aluminum, zinc, tin and brass. These materials and their respective properties are found in Tables 1 and 2 . The PV module was modelled using Solid Works software and then simulated with ANSYS Mechanical software to generate accumulated creep strain energy density used to quantify solder joint damage.
Garofalo creep model (equation 1) was used to simulate the damage response of solder while other material responses were modelled using appropriate models. For each material combination, the creep strain energy is measured using ANSYS Mechanical. Figure 5 shows the creep strain energy distribution for the copper-solder-silver solder joint. 
Where, = creep strain rate, 1 , 2 , 3 , 4 = Garofalo creep parameters for SnAgCu solder (presented in Table 3 ), = Equivalent Von Mises Stress and T= absolute temperature.
Materials and their properties
The PV module materials and their properties are presented in Table 1 and presented in Figures 3 & 4 . The solder interconnection materials are presented in Table 2 . Material properties shown include CTE, Young's Modulus and Poisson Ratio. Table 3 presents the Garofalo creep constants employed to model the solder interconnection damage for the respective material combinations. Garofalo creep model was used to determine the accumulated creep strain energy density which is the measure of solder joint damage. Further discussions on creep strain energy density are carried out in section 4. Figure 5 shows the creep strain energy density (solder damage) of the copper-solder-silver solder interconnection. The colours signify degree of solder damage with red as greatest and dark blue as least degree of solder damage. Table 4 presents the various bonded material combinations and their respective solder joint damage. The zincsolder-silver joint with highest CTE mismatch of 19.6 ppm exhibits the greatest damage while the silver-soldersilver joint with no CTE mismatch demonstrated the least damage. These results are also represented in Figure 6 . As for now, no direct correlation is observed between CTE mismatch of bonded materials in PV interconnections and solder joint damage. However, it is clear that material combinations with little or no CTE mismatch possess less solder joint damage Silver/Silver 0 4.64
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Conclusion
A study on the effect of CTE mismatch of bonded materials in solder joint interconnection on the damage of PV modules solder joints operating in elevated temperature climates was carried out using ANSYS FEM. The interconnections of the PV module were formed from different material combinations. The material and thickness of solder and contact materials are kept constant while the ribbon interconnect material was varied i.e. silver, copper, brass, aluminium, tin and zinc. Accumulated creep strain energy density; the measure of solder joint damage was measured under induced temperature load ranging from -40 °C to +85 °C for 6 cycles.
The zinc-solder-silver joint with highest CTE mismatch of 19.6 ppm exhibits the greatest damage while the silver-solder-silver joint with no CTE mismatch demonstrated the least damage. These findings provide useful information that can be used to improve the static-structural reliability of PV module interconnections with regards to the choice of materials bonded together in the assembly. 
